Laser annealing with nano-seconds pulse width is expected to be a useful tool for ultra-shallow junction formation. To compensate for the deep penetration depth of green laser light into Si, a metal absorber was placed on a specimen. The absorber was effective in reducing the laser energy density required to activate dopant. However, absorber formation that resulted in over-melt that increased junction depth easily occurred compared with specimens without the absorber. This problem was attributable to the absence of the increase in reflectivity by surface Si melting.
Rapid thermal annealing (RTA) is the most popular dopant activation tool after ion implantation. As metaloxide-semiconductor field-effect transistor (MOSFET) scaling has progressed, RTA time has been shortened to reduce dopant diffusion. Currently, the so-called spike RTA, which does not keep temperature at the highest point, is utilized for mass production. Even for spike RTA, it is difficult to form sub-20 nm ultra-shallow junctions to sufficiently suppress short channel effects in the sub-100 nm technology generation era. Therefore, laser annealing (LA) [1] [2] [3] and flash lamp annealing (FLA) 4) have been investigated as shorter-duration annealing methods. LA with a nano-seconds pulse width laser is expected to have the following features: a very small dopant diffusion due to a very low thermal budget, and a dopant activation exceeding the thermal equilibrium solid solubility limit. 1) For example, we have obtained a sheet resistance of 460 /sq. and a junction depth of about 20 nm using KrF excimer laser.
2) However, there are many laser sources other than excimer lasers, such as solid-state lasers. Each source has advantages and disadvantages as massproduction equipment in terms of laser power, size, ease of maintenance, endurance and other parameters. In addition, wavelength difference may need a completely different process optimization direction. Thus, detailed discussions considering these features are expected.
In this work, an attempt to form ultra-shallow junctions using an all-solid-state green laser is described. All-solidstate lasers are superior to excimer lasers with respect to their size and ease of maintenance. The wavelength of the green laser used was 532 nm. The penetration depth into Si at that wavelength is about 1 mm. Since this depth is much deeper than a MOSFET junction depth, most of the laser energy is consumed for meaningless heating. As a result, the laser irradiation energy density necessary for dopant activation becomes higher. This could be a limiting factor as the core component of annealing equipment. To cope with this problem, we have investigated a laser annealing process which uses a light absorber that has a small penetration length. Specimens are heated by thermal conduction from the absorber formed on it. A short penetration length, a high thermal conductivity and a high thermal stability are required for this absorber. From this point of view, TiN and Mo were chosen as candidates for the absorber. Since they react with Si by high-temperature processing, direct deposition of these materials on the Si substrate should be avoided. To facilitate removal after annealing, an oxide layer was formed on the silicon substrate before depositing the absorber. Shima et al.
3) reported a similar approach. They used a 1064 nm laser that is different from ours. They did not describe the absorber material and problems originated from using the absorber. In this paper, we discuss the feasibility of using an absorber in shallow junction formation by laser annealing, showing problems attributed to the absorber.
First, Sb þ implantation was performed after forming a screen silicon oxide of 2 nm thickness by thermal oxidation of a Si substrate. Then Sb was implanted through the screen oxide. The Sb þ implantation dose was 3 Â 10 14 or 6 Â 10 14 cm À2 and the implantation energy was 4, 7, or 10 keV. Some specimens were pre-amorphized with Ge þ prior to the Sb þ implantation. The Ge þ implantation energy was in the range of 5 to 15 keV, and implantation dose was in the range of 1 Â 10 15 to 3 Â 10 15 cm À2 . After the ion implantation, TiN or Mo was deposited on the screen oxide by reactive sputtering or by sputtering as a light absorber. The thickness of TiN was 60 or 120 nm. Mo thickness was 50 nm. To evaluate the influence of nitrogen composition in TiN, N 2 / (Ar+N 2 ) flow ratio for reactive sputtering was varied between 25 and 75%. The wavelength and pulse width of the all-solid-state green laser used for the annealing were 532 nm and 120 ns, respectively. Irradiation energy density was changed in the range of 0.3 to 2.1 J/cm 2 . The sheet resistance of the implanted layer was evaluated by the fourpoint-probe method. Sb depth profiles were evaluated by secondary-ion mass spectroscopy (SIMS). Figure 1 shows the variation in Sb depth profiles due to an increase in laser irradiation energy density for the case using a 60 nm TiN (N 2 : 75%) layer as the absorber. The Sb þ implantation energy was 10 keV and the implantation dose was 6 Â 10 14 cm À2 . The Ge þ pre-amorphization implantation energy was 15 keV and the implantation dose was 3 Â 10 15 cm À2 . The Sb depth profile at 0.7 J/cm 2 is almost same as that of the as-implanted sample. The junction depth at 0.9 J/cm 2 , defined by the Sb concentration of 1 Â 10 18 cm À3 , was 33 nm. By increasing laser energy density by 0.2 to 1.1 J/cm 2 , the junction depth became much deeper and increased to about 160 nm. We speculated that LA at 0.7 J/ cm 2 was a non-melt process and one at 1.1 J/cm 2 was a melt process. Since dopant diffusion in liquid Si is very fast, the dopant redistributes to the melt depth by melt annealing. Figure 2 shows Sb depth profiles for various Sb þ implantation energies. The laser irradiation energy density was fixed to 0.9 J/cm 2 , and the profile for 10 keV is identical to that for 0.9 J/cm 2 in Fig. 1 . The Ge þ pre-amorphization implantation energies for Sb þ implantation energies of 4, 7, and 10 keV were 5, 10, and 15 keV, respectively. The amorphous Si (a-Si) thicknesses were measured by transmission electron microscopy (TEM). The obtained a-Si thicknesses were 10, 18, and 26 nm for Ge þ implantation energies of 5, 10 and 15 keV, respectively. The junction depths were 9, 21 and 33 nm for Sb þ implantation energies of 4, 7, and 10 keV, respectively. As shown in Fig. 1 , junction depth control by changing laser energy density is difficult. However, the junction depth after LA can be modified according to a-Si thicknesses, as shown in Fig. 2 . We considered that LA at 0.9 J/cm 2 selectively melts a-Si. Because of the melting point difference between a-Si and crystalline Si (c-Si), the condition that causes melting for a-Si but not for c-Si exists. 5, 6) This technique is the so-called laser thermal process. 7) Under the above-mentioned condition, junction depth is usually close to a-Si thickness because of a very fast dopant diffusion in the melt phase. In the case of B or As doping, the dopant profile generally shows an abrupt box-like profile. 5) However, since the Sb non-thermal-equilibrium segregation coefficient at the liquid-Si/solid-Si interface is lower than those of other dopants, the Sb profile does not show a flat plateau and Sb concentration increases toward the surface, as reported in our previous work. 8) If the Si surface is covered by SiO 2 , Sb pileup is formed at the SiO 2 /Si surface by the segregation during solidification. All profiles in Fig. 2 provide these features that indicate a-Si melting.
In the following, other aspects of the green laser annealing with an absorber are discussed showing data for the Sb þ implantation energy at 10 keV with Ge þ pre-amorphization implantation. Figure 3 shows the relationships between sheet resistance and laser energy density for the various absorbers. By the introduction of the TiN absorber (solid circles), the laser energy density that leads to a sheet resistance lower than 1 k/sq. was decreased by about 0.3 J/cm 2 compared with the case without the absorber (open circles). The wasted part of laser energy that was consumed at deeper portions in Si was suppressed by the introduction of the TiN laser absorber. On the other hand, the Mo absorber increased the laser energy density by 0.4 J/cm 2 , as indicated with solid squares in Fig. 3 . This is attributable to higher reflectivity for Mo. The reflectivities of TiN and Si at 532 nm are 35 and 37%, respectively. However, the Mo reflectivity is 58%, which means laser energy absorbed in Mo is about 65% of that in TiN and Si. Thus, the absorber should have a low reflectivity.
Next, the possibility of laser energy density reduction by changing the thickness and composition of the TiN layer was investigated. The relationships between sheet resistance and laser energy density, to discuss influences of nitrogen gas flow ratio and TiN thickness, are shown in Figs. 4(a) and 4(b), respectively. Since TiN films for 25% nitrogen and 75% nitrogen appeared golden and dark brown to the naked eye, there were clearly differences in optical characteristics. However, as shown in Fig. 4(a) , there is no large difference in the sheet resistance. Optical constant measurement using the spectrometer revealed that the reflectivities at 532 nm were almost the same, as shown in Fig. 5 . Since transmittance was smaller than 1% for both cases, absorption in TiN is dominated by the reflectivity. Therefore, nitrogen composition in TiN did not affect annealing results. On the other hand, an increase in TiN thickness from 60 to 120 nm increased sheet resistance, as shown in Fig. 4(b) . Increasing film thickness results in increasing thermal capacity and thermal conductivity. In a steady state system, an increase in thermal capacitance leads to the lowering of temperature increase by heating. However, since laser annealing is a short-duration non-steady state and localized heating, the influence of thermal conduction to the surrounding area has to be considered. To confirm which factor is dominant, twodimensional thermal conduction analysis is required. Among the absorber structures shown above, 60 nm TiN formed with 75% nitrogen was most effective for laser energy density reduction to activate dopant. Using the TiN absorber, the junction became much deeper by increasing the laser energy density from 0.9 to 1.1 J/cm 2 , as shown in Fig. 1 . Figure 6 shows the variation in Sb depth profiles due to laser irradiation energy density increase for a specimen without the absorber. In spite of laser energy density increase from 1.3 to 1.7 J/cm 2 , the obtained junction depth was almost constant at about 40 nm. This result indicates that the condition to melt only a-Si is wide and it can be practically utilized to obtain a specific junction depth. This difference in process window to obtain a constant junction depth is attributed to the absence of the negative feedback effect brought about by reflectivity reduction due to surface melting. The reflectivity of Si at a wavelength of 1064 nm increases from 32% for c-Si to 76% for liquid Si 9) because of the change in Si from being semiconductive to metallic. Therefore, in the case of laser irradiation to Si, surface melting works as the negative feedback switch to decrease effective laser energy density for the latter half of the laser pulse duration. Crystalline Si melting depth saturation 10) is well known as a similar phenomenon to this. Since a metal absorber does not show such a change in reflectivity, most of the irradiated light was absorbed in spite of laser energy density. By forming an additional layer on the absorber layer that provides the negative feedback effect, suppression of over-melt is expected as well as LA without the absorber. This idea is similar to the proposal by Shima et al.
3) named phase switch. However, they did not describe what material was suitable for the phase switch layer. Since a-Si or poly-Si has a nature in which their reflectivity increases by melting as described in previous sections and since they can be deposited by chemical vapor deposition (CVD) or sputtering on the metal absorber, they are practical candidates for the additional layer.
Green laser annealing has been investigated for Si ultrashallow junction formation. Using TiN as an absorber layer, the laser energy density that leads to a sheet resistance lower than 1 k/sq. was decreased by about 0.3 J/cm 2 compared with the case without the absorber. Optimization of absorber thickness to minimize the laser energy density is one of the remaining issues. The very narrow process window for LA with an absorber layer was another issue. The junction depth became much deeper because of c-Si over-melt brought about by a small change in laser energy density. By increasing laser energy density by 0.2 J/cm 2 , the junction depth increased from 33 to 160 nm, even though the laser energy density increase from 1.3 to 1.7 J/cm 2 for specimens without the absorber did not give rise to c-Si over-melt.
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